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Abstract

In this paper, | enploy a linear-quadratic nodel of an
i ndustry characterized by learning by doing to examne the
i nplications of asymetric |earning spillovers. [ mportantly, |

show that distribution of spillover benefits can influence market
structure in ways that can not be seen in nodels where spillovers
are symetric. |If spillovers are asymetric, a tradeoff between
i nproved i ndustry performance and increased narket concentration
can arise which does not occur when they are symmetric. Thi s
tradeoff leads to a policy dilemm; whether to pronote static or
dynam c efficiency in markets where learning is inportant.
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| NTRODUCTI ON

Learning by doing is the process through which unit costs
decrease as a firmaccunul ates producti on experience. Learning
has inportant inplications for firm behavior and market
performance. It creates an intertenporal |ink between the
strategies firns enploy today and the conpetitive environnent
they find thenselves in tonorrow. This link can be exploited by
i ncunbent firns to achi eve an absol ute cost advantage and erect
entry barriers (see Spence [1981] and Fudenberg and Tirole
[1983]). The strategic effectiveness of the | earning curve
depends on the appropriability of experience. |If entrants are
able to learn fromexisting firns, incunbents will be | ess able
to exploit the learning curve to deter entry (see Ghemawat and
Spence [1985]).

This result, however, is derived fromnodels in which it is
i nvari ably assuned that all firns benefit fromrival experience
equally. That is, learning spillovers are symmetric across
firms. The possibility of asymretric spillover learning is not
addressed in the literature. This is regrettable since there is
no reason to suppose that spillovers should be symetric.
Geographi cal location, research and devel opnent expenditures and
other idiosyncratic firmcharacteristics are likely to affect how
individual firnms learn fromthe experience of their rivals.

A nodel of |earning by doing that incorporates spillover
asymmetries may, therefore, approxi mate actual conditions in
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i ndustry nore accurately. The purpose of this exercise is to
i nvestigate whether any of the major results from nodel s where
spillovers are symmetric differ when spillover asymetries are
present. It is especially inportant to know if the result that
spillovers inprove both the static and dynam c performnce of
industries is an artifact of the assumed distribution of
spill over benefits.

| enploy a |inear-quadratic nodel of an industry
characterized by |earning by doing to exam ne the inplications of
asymmetric learning spillovers. | show that distribution of
spill over benefits can influence market structure in ways that
cannot be seen in nodels where spillovers are symmetric. Wen
spillovers are asymmetric, a tradeoff between inproved industry
performance and i ncreased market concentration can arise which
does not occur when they are symmetric. This tradeoff |eads to a
policy dilemmma; whether to pronote static or dynam c efficiency
in markets where learning is inportant. Finally, | also show
that the possibility of |learning asymretries has inplications for

the specification of enpirical nodels of |earning.

In the next section, | briefly discuss the progress of
research on learning by doing. | present the nodel and discuss
sone conputational issues in section Ill. Results fromthe

i near-quadratic sinulations are given in section |V.
Concl usions are provided in section V.

1. BACKGROUND



Enpirical evidence of a negative relationship between
production costs and experience has existed for decades (see
Wight [1936], Alchian [1963], Rapping [1965], and Sheshi nski,
[1967]). The phenonenon of |earning by doing is now well
accepted by researchers in fields as diverse as econom cs,
engi neering and nanagenent. |In economcs, Arrow [1962] was the
first to exam ne the theoretical issues surrounding |earning by
doing. A decade later consulting firns were advising their
corporate clients to exploit the I earning curve aggressively in
order to obtain cost advantages which woul d enable themto
exerci se market power (e.g., see Boston Consulting Goup [1972]).
By the md 1980s, however, it was evident that the strategic
ef fectiveness of the |l earning curve decreases if the benefits of
the firms experience spill over to its rivals and potenti al
rivals (Ghemawat and Spence [1985] and Dasgupta and Stiglitz
[ 1988]).

Li eberman [ 1982, 1984] provides enpirical evidence which
suggests that firns benefit nore fromrival experience than from
their omn. This result is interesting froma policy perspective
because spillovers tend to both inprove the dynam c performance
of industries (by increasing the speed of cost reduction) and
reduce market concentration. That is, spillovers pronote both
static and dynam c econom c efficiency. These findings have
recei ved considerable attention and have reduced interest in
further research, both theoretical and enpirical, on |earning by
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doing. However, these findings are al so based on nodels which
enpl oy overly restrictive assunptions about the distribution of
| earni ng benefits across firns.
1. MODEL

Conpetition in an industry characterized by |earning by
doi ng can be nodell ed as a dynam c gane. Assune that there are n
firmse and T discrete tine periods, where T may be finite or
infinite. At the beginning of each period, firnms choose
quantities of a honobgeneous output, ¢g,,. Firmi's costs in
period t, G,(qg,X), are a function of current output and the
cunmul ative experience vector, X.. In this paper, | index
experience with cumul ative production so that for each firmi,
Xiy = "0, and X, = (X;,)M,;. The objective of each firmis to

choose val ues of (;; to maxim ze

T
I - g; 5{P(a) ;. - Ci gy, X,)} (1)
s.t. Xt - Xt—l * Qt—l (2)
%, - 0

where g, = "M'..Qi:, Q.1 = (Qi;.1) -y and P(qg,) is the industry inverse
demand function. The * termis a discount factor.

Quantity is the only choice variable in the nodel. Although
strategic variabl es such as research and devel opnent expenditures
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and firmlocation are likely to affect |earning by doing, I
abstract fromthese in the current nodel. |In effect, | assune
t hat deci sions regarding such variables are sunk and that their
i npact on learning is constant over the tine horizon being
nodel ed. This helps to keep the probl em manageabl e.

Li near- Quadrati c Specification

Solving the nodel in this general formis not feasible. So
to exam ne the inplications of asymmetric |earning spillovers,
use a linear-quadratic approximation for which solution
algorithnms exist.! To obtain the linear-quadratic specification
additional structure nust be placed on the nodel. First, assune
that the inverse demand function is linear and given by P, = a -
bg,. Next, firmi's cost function is defined as C, = (¢, -

i X)q; when (¢;, - (' X) >c¢rand G, = c;{q;; otherwise. In this
definition, ¢, and ¢,y are firmi's initial and term nal unit
costs, respectively and ((; = (G, Gar oo+, G is the vector of

| earni ng paraneters. These neasure the effectiveness with which
firmi exploits firmj's experience to reduce its unit costs. As
previously discussed, the spillover paraneters, (; (i.j) are
likely to differ across firms (i.e., (; .. (4 for i.k).

For the sinul ations bel ow assune there are 5 firnms which
operate over a 15 period tinme horizon (T=15). Further, assune
that firm1 enters in the 1° period and the other four firns all
enter in the 3% period. This pattern of entry reflects the
situation in an industry for a new product where an innovator
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mai ntai ns a nonopoly for a short time. Learning by doing is nost
likely an inportant factor in the rivalry between producers in
new i ndustries or in industries where there has been a recent
i nnovation. Also, assune that each firmuses an identi cal
di scount factor, * = 0.9. The demand paraneters, a and b, are
gi ven val ues of 91/30 and 7/300, respectively. Finally, assune
that the initial and termnal unit cost for each firmare c,, =
1.0 and ¢, = 0.7, respectively. These are the sane denmand and
cost paraneters enployed in Ross [1986] and they conveniently
inply that the surplus maxinzing output in each period is 100.°?
Kydl and's [1975] algorithmcalls for rewiting the

maxi m zation problemin equations (1) and (2) as

Vie = H;a‘x{p/itzt * Z/teitzt * 6ivit+1} (3)
it
s.t. z, - Az, , + Bg, (4)
Zy= 0

Equation (3) is firmi's value function at tine t. The 2n vector

'y = (X4, Quy -+ -» X, One) 1S the augnented state vector. The 2n
vector p;; and the 2nx2n matrix 1;, contain the nodel's demand and
cost paraneters. The matrices A and B are constructed of zeros
and ones such that (3) and (4) conformto (1) and (2). Once the
outcone in the last period is specified (i.e., once v;; 1S

conputed) it is possible to solve the nodel recursively.?
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Sol utions can be conputed assum ng either Cournot or von
St ackel berg behavior. In the sinulations below, | assune firns
nmove sinultaneously as in the Cournot case.
Conput ational |ssues

Before discussing the main results of the paper, | want to
briefly discuss a potential problemof using the preceding
framework to exam ne |learning by doing. In economc
appl i cations, endpoint conditions nust nmake econom c sense. In
the case of learning by doing, this requires that the evolution
of unit costs fromc,, to ¢,y result fromthe firmaccunul ating
enough experience (either owmn or rival). |In the present
specification, the termnal unit costs are such that once al
firms have reached the bottomof their |earning curves the gane
reverts to the symmetric Cournot-Nash solution until the end of
the time horizon. Therefore, as long as each firmreaches the
bottomof its |earning curve by accunul ating sufficient
experience, the finite |linear-quadratic nodel is an exact
representation of the infinite nodel with the sane paraneters.

Ross [1986] used this recursive solution procedure to node
| earni ng by doing w thout ensuring that the endpoint conditions
made econom c sense. | conputed solutions under both 10 (as in
Ross) and 15 period tinme horizons. |In both cases, | assune firnms
benefit fromtheir own experience only (i.e., (; =0 for al
j.i) where (,; = 0.0015.* Table | lists sunmmary statistics for
the two sinmulations.® Reported in the table are either the date

7



at which the firmexhausts its learning possibilities (t°,) or,

if it does not, the unit cost it attains by the 9'" period. Also
listed are the discounted profits for each firmfor the first 10
peri ods.

In the 10 period solution, only firm1 is able to reach the
bottomof its |learning curve before the last period. Al firns
reach the bottomof their [earning curves by the last period in
the 15 period case. Figure 1 illustrates how divergent the two
solutions are by displaying the tine path of outputs for one of
the identical entrants fromthe 3@ to 9'" periods. The figure
shows that when the algorithmis correctly applied, the entrants
produce nmuch nore during the early periods. |In fact, they endure
| osses in the period subsequent to entry in order to accunul ate
experience nore quickly. 1In the 10 period case, however, the
entrants do not place enough weight on investing in experience.
This is because the nodel artificially inposes the term nal unit
cost for each of the entrants by the tenth period regardl ess of
whet her they have accunul at ed enough experi ence or not.

V. RESULTS

In this section, |I report and conpare the solutions to the
| i near-quadratic nodel under three spillover alternatives.
conpare solutions in cases where spillovers accrue both
symmetrically and asymmetrically to the case with no spillover
| earning. These conparisons focus on how the spillover
alternatives affect industry performance and market
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concentration. Previous authors have studied the entry deterring
effects of learning by doing. |In the present nodel, however,
entry i s exogenous. Thus, | exam ne concentration to see how
spillovers affect market structure. Finally, |I exam ne the
effects of asymetric spillovers on the behavior of price-cost
mar gi ns. The behavi or of price-cost margi ns over tinme has
inplications for the specification of certain econonetric nodels
of | earning by doing.
Three Spill over Scenari os

Table Il reports, in addition to the statistics given in
table |, total discounted surplus (profits plus consuner surplus)
for the nodel under the three different | earning scenarios. 1In
the first colum, | report the results fromthe case where
| earning benefits are conpletely proprietary (no spillovers). In
the second and third columms of table Il are the results fromthe
symetric and asymetric spillover cases, respectively. The
val ues of the learning paraneters, in each case, are reported at
the foot of the table.

In all 3 cases, firm1l reaps benefits fromincunbency. This
is seen in table Il by conparing post-entry profits of the
i ncunbent to those of the entrants. 1In each case, the incunbent
makes hi gher post-entry profits than its rivals. This is due to
the cost advantage the incunbent acquires before the other firns
enter the market. The incunbent is able to achieve this
advant age, in each case, because the spillover paraneters are
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small er in magnitude than the proprietary | earning paraneters
(i.e., spillovers are not conplete). The |earning curve would
confer no benefits to incunbents if spillovers were conplete and
symmetric (i.e., if experience was a pure public good, which in
the present nodel inplies (;; = (for all i,j) because they would
be unabl e to gain any cost advantage by accunul ati ng experi ence.

Conparing the first two colums of table Il shows that
symmetric spillovers dramatically increase the speed of |earning
over the no spillover case. This inproves firmprofits and total
surplus. Wth symetric spillovers the incunbent invests less in
experience during the early periods. This results fromtwo
causes. First, the incunbent reduces output rates in the early
periods to prevent the entrants fromlearning fromhis
experience. Second, the incunbent also benefits fromthe
experience of his rivals and can, therefore, achieve a given
amount of cost reduction with a smaller investnent in own
experi ence.

In the asymmetric case, assune that only firm2 benefits
fromrival experience.® Expectedly, the results in table Il show
that firm2 reaches the bottomof its |earning curve sooner and
earns higher profits than under the proprietary case. The other
firms reduce their output rates in the early periods to restrict
the benefits firm2 can gain fromtheir experience. This keeps
prices high in the early periods resulting in |arger profits for
the industry as conpared with the base case. Total surplus is
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al so greater under the asymetric case than under the base case.

Figure 2 shows how mar ket concentration evol ves over the
time horizon for each of the |earning scenarios. The neasure of
concentration used is the Herfindahl index.” In each case the
Her fi ndahl index evolves to the symmetric equilibriumval ue of
1/n. As conpared with the base case, market concentration
decreases under symmetric spillovers and increases under the
asymmetric spillover case. Interestingly, the increased
concentration in the asymmetric case results fromfirm?2
producing |l ess and free riding on the experience of its rivals.
That is, the firmwith the advantage in spillover |earning earns
hi gher profits by settling for a smaller market share.

Conmbi ned, the results in table Il and figure 2 show that
when spillovers are asymmetric a tradeoff between market
performance and concentration can arise. That is, asymetric
spillovers can inply a tradeoff between static and dynam c
econom c efficiency. This inportant possibility is not reveal ed
by nodel s where spillovers benefits are symetric across firns.
The distribution of spillover benefits across firnms affects
mar ket structure and performance. Policies intended to pronote
static efficiency by reduci ng market concentration may inpair the
dynam c performance of industries where |learning by doing is
i nportant.?

Behavi or of Price-Cost Margins
The final result of this paper concerns the behavior of
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price-cost margi ns under different spillover assunptions.

Previ ous theoretical nodels (see Spence [1981] and Lieberman
[1982]) show that, when experience is a pure public good and the
elasticity of demand is constant over tine, unit costs and prices
decline at approximately the sane rate. This result has been
exploited to justify using price as a proxy for cost in |earning
regressions (Lieberman [1982], [1984]).

Table 11l lists the price-cost nmargins resulting fromthree
spillover alternatives over tinme. The last two colums list the
margins fromthe symetric and spill over cases di scussed above
and the first colum lists themfor a case where spillovers are
both conplete and synmmetric (i.e., (; = Cfor all i,j).

Al t hough the linear-quadratic case precludes a constant

el asticity of demand over tinme, the price-cost margins in the
tabl e when spillovers are conplete and symetric are fairly
stable. The asymmetric case in the third colum of table I
shows the nost variation in the margins over tine.

This suggests that if spillovers are asymmetric, price-cost
margins wll not remain constant over tine and price would not be
an acceptable proxy for unit costs. In this case, if no cost
data are avail able the econonetrician needs to nodel the process
t hat generated the observed market prices in order to nmake
meani ngful i nferences about | earning paraneters.

V. CONCLUSI ONS
The treatnment of asymmetric spillovers is an inportant
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om ssion in the theoretical literature on | earning by doing.

St udi es where spillover benefits accrue to firns symmetrically
show that spillovers tend to inprove industry performnce and
reduce market concentration. It is unlikely that firnms in actual
i ndustries benefit fromrival experience equally. A nunber of
firmspecific characteristics such as research and devel opnent
expenditures, location and so on are likely to affect the extent
to which any given firmis able to learn fromthe experience of
its rivals.

In this paper, | show that the result that spillovers reduce
concentration and i nprove performance is dependent upon the
assuned distribution of spillover benefits. Wen spillovers are
asymmetric, | found that a tradeoff between inproved performance
and i ncreased market concentration can arise. To the extent that
mar ket regul ators base their decisions on structural
characteristics (e.g., market concentration), they run the risk
of inpairing the performance of industries where learning is
inportant. Wen learning is an inportant feature of conpetition
in an industry, researchers and policy nmakers need to be aware of

the pattern of |earning benefits across firns in the industry.

| al so discussed the effects of asymmetric | earning
spillovers on the behavior of price-cost margins over tinme. This
result has inplications for certain econonetric specifications of
| earning by doing. |In particular, specifications where
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spillovers are required to be symetric are flawed, if spillovers

in the industry being exam ned are actually asymetric.
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TABLE | .
Summary Statistics for Sinulations under two
Al ternative Time Horizons

T =10 T =15
t", 8 10
t*-l = 15
C—19 O 868 =
A, 123. 73 100. 44
Al 37.86 14. 62
A, 17.19 7.42

A, discounted post-entry profits for firm 1.

15



21

0
)
A
N
T
120
T
Y
19 — T
R ~S<
17—
16 —
15 —
14 I I I I I | :
3 Y s ; ' 8 9
TIME
PERIO -
PERIS —
FI GURE 1.

Time Path of Qutput for Entrants under
10 and 15 Period Tinme Horizons.

16




TABLE I'1.

Summary Statistics

for

Si mul ati ons under
three Spillover Alternatives

Proprietary’ Symmetric? Asymetri c¢8

t*, 10 7 10
t, 15 10 6
t*3’4’5 15 10 15
A 109. 43 124. 93 112.91
A 23.61 38. 34 27. 28
A, 15. 61 30.71 26. 15
Asas 15. 61 30. 71 18. 99
Sur pl us 747. 48 769. 81 762. 37
t ¢, = 0.0015 and (; = 0.0 for all i,j i.j.
f (; = 0.0015 and (;; = 0.0003 for all i,j i.j.
§ (; = 0.0015 for all i, and (; = 0.0009 for all j.z2,

and (;; = 0.0 for all i.2 i.j.

A,. Di scounted post-entry profits for firm 1.
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TABLE 111.
Price-Costs Margins for
Three Spillover Alternatives

Con&Symm Symmetric Asymmetric

3 0. 338 0.225 0. 045
4 0. 347 0. 253 0. 115
5 0. 356 0. 282 0. 165
6 0. 366 0. 311 0. 201
7 0. 376 0. 336 0.231
8 0. 387 0. 361 0. 260
9 0. 389 0. 388 0. 287
10 - 0. 389 0. 307
11 - - 0. 327
12 - - 0. 347
13 - - 0. 368
14 - - 0

15

. 389
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APPENDI X
To solve the nodel, first posit that the value function in

equation (3) takes the quadratic form

V.

e =V

/ /
it ¥ TaeZe1 * Z e151e%e1 (Al)

Plugging into (3) gives

Vie = max (D'ge + 037 101) 2o + 2" (8, + 8,5;,,)z, + 6iVir:+1} (A2)

9t
whi ch has necessary conditions for a Nash equilibrium

b ;(Pje + O3 1) « By (By, « &, + 8,;(S;y + S'y4pn)) 2, = QA3)

where b, is the i'" colum of B. The n expressions given by (A3) can

be stacked and rewitten as

kt + Hz, - kt * Ht(AZt—l * Bqt) (A4)

and solving for g, provides the solution

q. - dt + B Z g (A5)

where d, and E have di nensi ons nx1l and nx2n, respectively. Finally

<;(, iy and S;, are determ ned recursively by

( A6)
Vie = 6.i\).it+1"[ (p/it"air/inl)*d/ tB/(eit"e/.it*ai(Sit+1+sl.it+1) )] (A’BEt)

(A7)
rlit = [p/it"air/inl"d/ t‘B/ (eit+e/.it+6.i(S.it+1+sl.it+l) )] (A*BEt)

and
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Sie = (A BEt)/(eit * 61'Si1:+1) (A*BEt) . (A8)

it
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ENDNOTES

1. The algorithm | enploy is due to Kydland (1975, 1977) and has
been applied by Reynolds (1986) and Ross (1986).

2. Spence (1981) and Fudenberg and Tirole (1983) have shown t hat
a social planner seeking to naximze total surplus will set price
in each period equal to the termnal value of unit costs.

3. See the appendix for nore details on the recursive conputation
of the equilibriumsolutions.

4. | enploy a larger value of the own |earning paraneters than
Ross to help ensure that firnms reach the bottom of their | earning
curves by the |ast period.

5. The results in the first colum do not match Ross's results
exactly as | allow a positive discount rate and enploy a different
value of the own I|earning paraneter. However, this does not
qualitatively alter the results.

6. While | make this assunption for ease of exposition, it is
possi ble to conceive of such a situation occurring in practice.
For exanple, it mght be that only firm 2 enploys resources to
reverse engineer the products of its rivals. The decision to
devote such resources is made outside the context of the present
nodel and is viewed as a sunk cost.

7. The Herfindahl index is conputed as the sum of squared market
shar es.

8. | also analyzed the nodel where the incunbent owned the
advantage in spillover learning. |In this case, profits were higher
for each firm than under the proprietary case. However, tota

surpl us decreased as conpared to the no spillover case. This was
due to decreased output by the incunbent because it could free ride
on the experience of the entrants. There was no tradeoff as the
asymretric spillovers increased market concentration and decreased
mar ket performance.
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